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Autologous Bone Marrow Transplantation for
Poor-Prognosis Neuroblastoma

Robert C. Seeger C, Patrick Reynolds. Thomas J. Moss,
Carl Lenarsky, Stephen A. Feig. Michael Selch,

John (igelstad, and John Wells

Neuroblastoma, a neoplasm of the sympathetic nervous system, is the most
common extracranial tumor of chlldhoodt4 Approximately 60% of all patients
have only a 10% probability of long-term, disease-free survival if given
conventional therapy that includes chemotherapy, local irradiation, and surgery

'fg'4.,.Recent pilot studies of intensive chemotherapy and total body Irradiation
(TBI) followed byallogeneic bone marrow transplantation (BMT) or autologous
bone marrow transplantation (ABMT) have produced encouraging results
%4Y In this report, we update our original study in which 20 patients with
advanced neuroblastoma underwent intensive four-drug chemotherapy. TRI,
and ABMT or allogeneic BMT; in addition, we provide data from our current
study regarding the clinical use of sedimentation, filtration, and magnetic
immunobeads for the ex vivo removal of neuroblastoma cells from autologous
marrow. k i-'4 ( - * _
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TOXICITY AND EFFICACY OF INTENSIVE
CHEMORADIOTHERAPY AND BMT

in our initial study (patient entry from January 1983 to October 1985), we
investigated toxicity and efficacy of intensive chemoradiotherapy (teniposide
(VM.261, doxonbicin. L-phenylalanine mustard, cisplatin, and TBI; VAMP-TBI)
followed by allogeneic or ABMT (Table 1). Twenty patients, all of whom were
diagnosed after I year of age and who had stage IV (n = 18) or stage Ill (n = 2)
disease, received VAMP-TBI and bone marrow. Thirteen patients were given
bone marrow transplants before they developed progressive disease (3
received allogeneic marrow from a human leukocyte antigen [HLA I-compatible
sibling and 10 received alltologous marrow); 7 received transplantations after
they developed progressive disease (5 allogeneic BMT and 2 ABMT).

Eight patients received bone marrow from HLA-mixed leukocyte culture
(MLC) matched, nonidentical siblings (median of 3 x 108 and range of 2-4 X
10a nucleated marrow cells/kg). These patients were given methotrexate after
BMT for prophylaxis of graft-versus-host disease (10 mg/m 2 on days 1, 3.6, 11,
and then weekly to 100 days).

Twelve patients received cryopreserved autologous marrow. Autologous
marrow was used to restore hematopoiesis only if tumor cells were not
detectable in an aliquot of the cryopreserved specimen by immunoperoxidase
staining with anti-cell-surface monoclonal antibodies (mixture of antibodies
390, 459, HSAN 1.2, and 126-4) and anti-neuron-specific enolase serum;
analysis of 3 x 105 bone marrow mononuclear cells gives a 95% probability of
detecting one neuroblastoma cell among 105 normal cells (8,9). Marrow was

, , - ; ,~..' prepared forcryopreservation byequilibrium density centrifugation over Ficoll- -
Hypaque (patients 1-7) (10); by sedimentation and filtration (patient 8); or by

Table 1. Pretransplant Intensive Chemoradlotherapy Regimen (VAMP-TBI)"
Day Treatment

-9 Cisplatin, 90 mg/M 2 I.v.
-8 No therapy
-7 VM-26, 150 mg/m 2 L.v.; doxorublcln, 45 mg/M 2 l.v.
-6 Melphalan, 140 mg/m 2 Iv.
-5 Melphalan. 70 mg/mr2 Lv.
-4 VM-26. 150 mg/m 2 iv.
-3 TBI. 3.33 Gy. 0.08-0.1 Gy/min
-2 TBI, 3.33 Gy. 0.08-0.1 Gy/min
-1 TBI. 3.33 Gy. 0.08-0.1 Gy/min

For patients <2 yrs old or weighing <12 kg. the doses of cisplatlin. VM-26.
melphalan. and doxorubciln are calculated according to weight, assuming f m. * 26 kg
(e.g., clspiatin. 3.5 mg/kg; doxorublcln. 1.7 mg/kg: melphalan. 5.4 and 2.7 mg/kg: VM-
26, 5.8 mg/kg). Frectlonated TBI Is administered with a 6-MeV linear accelerator.

Abbreviations: VM-26. leniposide; TBI, total body Irradiation.
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sedimentation, filtration, incubation with monoclonal antibodies, and then goat
antimouse immunoglobulin-coated magnetic beads (marrows from patients
9- 11 were treated with antibodies 390. 459, HSAN 1.2, BA-I. and R1321-7;
marrow from patient 12 was treated with antibodies 459. BA-I, and 126-4)
(11. 12). Recipients of autologous marrow were given a median of 7 x 107
nucleated marrow cells per kilogram (range. 2-54 x 101 cells/kg).

Severe oral mucositis and enteritis were observed in all patients after
treatment with VAMP-TBI. Total parenteral nutrition via central venous catheter
was necessary after BMT for all patients because of mucositis, enteritis, and
anorexia; for those surviving the first month after transplantation, the median
time until parenteral nutrition was discontinued was 2 months. Skin desquama-
lion was significant in the allogeneic BMT group but not in the ABMT group.

Four deaths occurred during the first month after transplantation among
the eight patients undergoing allogeneic BMT. The causes of these early
deaths, which all occurred prior to documented engraftment. were renal failure,
hepatic veno-occlusive disease, disseminated aspergillosis, disseminated
candidiasis. Graft-versus-host disease was not observed in any of the allogeneic
marrow recipients.

Among the 12 patients receiving autologous marrow, there were no deaths
in the first posttransplantation month. One patient, who failed to recover
platelets even though megakaryocytes were present in the marrow, died of a
cerebral hemorrhage 3 months after BMT (patient 9); and one whose marrow
engrafted died 7 months posttansplantation of bacterial sepsis due to
suspected child abuse (patient 8).

Early death as well as morbid toxicity appeared to be greatest in the
allogeneic group. Analysis of differences between the two groups suggested

, .,.444.,.4- ,l' that methotrexate given for prophylaxis of graft-versus-host disease was the
most probable cause of the added toxicity. Methotrexate toxicity would be
Increased if renal clearance was impaired secondary to chemotherapy (e.g.,
cisplatin) and radiation. Thus, It is advisable to assess renal function before
administering methotrexate, to monitor clearance and adjust dosage during
treatment, and to rescue with Leucovorin as necessary.

Engraftment was defined as follows: 1) absolute neutrophil count greater
than 5W0/mm3 for 3 consecutive days; 2) platelet count greater than
30,000/mm3 without transfusion; and 3) hemoglobin count greater than 8 g/dl
sustained without transfusions. Engraftment occurred in all 4 patients receiving
allogeneic marrow who survived more than I month and in I I of 12 receiving
autologous marrow.

Outcome for the 13 patients who received bone marrow before they
developed progressive disease was encouraging (Fig 1). Seven are tumor-free
survivors for 3+ to 40+ months after BMT; four patients relapsed (all from the
ABMT group); one died secondary to toxicity (allogeneic BMT group); and one
died of sepsis secondary to suspected child abuse (ABMT group). The
estimated disease-free survival rate is 45%. and the actual survival rate is 56% at



378 ABMT for ('euroblastona

100

Bfore Progressive Disease

50

107 20 30 40

months after BMT

o ad After p rogress ve Disease

2 4 6 8 10 :. ..;. ..,,, .... .

.. ; 1, - ::'",',",'lkt"',! ':~
k l '; ' l  Imonthsi after BMT

Figure 1. Survival rates of patients who undergo BMT before of after they develop
progressive disease. Initially. all patients received conventional chemotherapy (various
regimens); (he median times from diagnosis to BMT for groups whose transplantation
occurred before and after progressive disease were 6.8 and I I months. respectively.

Tumor status at the time ol BMT was as follows: among those who received BMT before
progressive disease, five had a complete remission and eight had a partial remission:
among those transplanted afterward, one had a complete remission. five had stable
disease, and one had progressive disease. Eight patients survive who received BMT
before developing progressive disease, and seven are tumor free (two recipients of
allogenelc BMT and live of ABMT).

40+ months. In contrast, all seven patients who received transplants after
developing progressive disease had died 10 months after BMT; three deaths
were toxicity related, one death occurred from brain hemorrhage, and three
deaths followed relapses (Fig 1). These data suggest that treatment with VAMP-
TBI followed by BMT Improves outcome if carried out before progressive tumor
growth occurs.

S . l



ABIT (or Heuroblastoma 379

EX VIVO REMOVAL OF TUMOR CELLS FROM AUTOLOGOUS

* iMARROW WITH SEDIMENTATION, FILTRATION, AND
MAGNETIC IMMUNOBEADS

in our current study (CCG-321 P3, which opened for patient entry October
1985). we are determining the toxicity and efficacy of aggressive induction
chemotherapy followed by surgery and local irradiation (as Indicated) and then
by VAMP-TBI and BMT. A major objective is to perform BMT by approximately
20 weeks after diagnosis before progressive tumor growth occurs. For those

requiring ABMT, we are determining if neuroblastoma cells can be removed ex
vivo without Impairing the ability of the marrow to restore hematopoiesis. Ex

vivo purging will be discussed, since the study Is too new to assess long-term
efficacy.

Ex vivo purging of autologous marrow employs sedimentation, filtration,
and monoclonal antibody-coated magnetic beads (Fig 2). To plan the purging

procedure, the numbers of normal and tumor cells in posterior iliac crest
marrow are determined 3 days before the large-scale harvest. Sufficient marrow

then Is obtained from the large-scale harvest to provide approximately 108
marrow cells per kg after ex vivo purging. Whole marrow Is mixed 1:1 with 3%

hetastarch and allowed to sediment, after which supematant cells are filtered

through nylon wool, washed, and mixed with magnetic beads that have been

coated with a mixture of monoclonal antibodies via goat antimouse Immuno-
globulin. Attaching the monoclonal antibodies to the beads, which Is a

00 0
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Figure 2. Procedure for removing tumor calls from autologous marrow by sequential
sedimentlion. lltratlon, and monoclonal antibody-magnetio bead treatment.
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modification of our previous method of first binding them to cells and then to

beads ( 1,1 2). increases the speed of purging and decreases nonspecific cell
,.loss because cell-washing steps are not required. Following one-half hour of

rotation with immunobeads, tumor cells attached to the beads are removed
with samarium-cobalt magnets; the immunobead depletion step is repeated if
the preharvest marrow contained more than one tumor cell per I 10 normal
cells. Total cell recovery Is approximately 66% after the first two steps and 50%
after each magnetic immunobead step; thus, 35-40% of the Initial cells are
recovered after one full sequence. An aliquot of marrow (1108 cells/kg) that is
treated only by sedimentation and filtration Is cryopreserved as a backup In case
antibody-treated marrow does not engraft.

This procedure has removed immunohistologically detectable tumor from
17 of 17 marrows that have been treated. Approximately 50% had no detectable
tumor cells after the filtration step; generally, these were the ones in which the
original tumor burden was 0.5-2 tumor cells per 105 normal cells. However,
magnetic immunobeads were necessary for purging more heavily contaminated
marrows. One cycle of treatment with immunobeads was adequate when
tumor-cell concentration was less than one per 104 normal cells, but two cycles
were necessary when it was more than one per ! 03 normal cells. One marrow
containing 2% and another with 1% tumor cells were successfully purged with
this procedure. Data from the treatment of four representative marrows are
shown in Figure 3. i

Engraftment of purged marrows Is evaluable for 1 patients. Marrows from
the first three patients enrolled in this study were purged with a new
combination of monoclonal antibodies that was highly effective for removing . '.
tumor cells (antibodies 459, BA-i, and 126-4); however, two of these marrows
engrafted slowly (82 and 74 days) and one did not engraft. Either antibody

126-4 (anti-Ga,) or the particular combination of antibodies was the most likely
cause of this complication, because poor engraftment was not a problem
previously when antibodies 390,459, BA- 1, HSAN 1.2, and RB21-7 were used.
Subsequenfly, marrows were treated with beads coated with antibodies 390,
459, BA- 1. and HSANI 1.2; using a bead to total cell ratio of 1:1 and two cycles of
treatment, these Immunobeads can clear at least as much as 2% tumor from
marrow. Engraftment has occurred In all eight patients given marrow treated
with these Immunobeads.

SUMMARY

Our Initial study suggests that Intensive chemoradiotherapy (e.g., VAMP-
TBI), If administered relatively soon after diagnosis and before progressive
disease develops, may Improve the long-term survival rate of patients with
advanced neuroblastoma. Our current study of newly diagnosed patients Is
testing aggressive Induction chemotherapy, ex vivo purging of autologous
marrow, and VAMP-TBI followed by BMT. Our objectives are to get 90% of newly

BJ
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Figure 3. Removal of neuroblastome cells Irom autologous marrow by sequential
sedimentation. filtration, and magnetic Immunobead treatment. Marrow irom four . -,
patients (83. 887, B86, and 8815) was treated with one cycle of Immunobeads coaled
with goat antimouse immunoglobulin and monoclonal antibodles 390.459. HSAN 1.2, and
BA-I. Tumor cells were identified In marrow by lmmunoperoxidase staining with
anti-cell-surface monoclonal antibodies (mixture of antibodies 390. 459, HSAN 1.2. and
126-4) and with anli-neuron-specllic enolase serum.

diagnosed patients Into the BMT phase by 20 weeks after diagnosis without
progressive disease and to emerge from the BMT phase with a 90% survival rate.
Because all patients are not expected to remain tumor-free following B/AT,
efforts are being made to Identify prognostic factors for this very aggressive
therapeutic approach; additional or different therapy will need to be developed
for those who are likely to develop progressive disease after B/AT. Collectively.
these new strategies may further Increase the percentage of patients who
survive tumor free.
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